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Life has been built on the evolution and innovation of microbial metabolisms. Even with our scant understanding of the full diversity of microbial life, it is clear that microbes have become integral components of the biogeochemical cycles that drive our planet. The antiquity of life further suggests that various microbial metabolisms have been core and essential to global elemental cycling for a majority of Earth's history.
Just as geological determinants have shaped the course of biology, life has undoubtedly changed the geological course of Earth. One key biological innovation that has contributed to these geochemical cycles is the ability to use light energy to drive the metabolic process of generating chemical energy. Photosynthesis has been instrumental in the success of life on Earth, and life has had to adapt and evolve in the face of dramatic geological perturbations over billions of years. But, perhaps equally interesting to the origins and evolution of microbial metabolisms is the uncertainty concerning the implications of these metabolisms. As so much of the debate surrounding early life revolves around the origin and role of phototrophic life, this primer will focus on how the evolution of these bacterial metabolisms forever changed the paleoclimate and continues to sustain current biogeochemical cycles.
Life before oxygen
The Archean Earth (4 to 2.5 billion years ago) would be unrecognizable to most of us in the present day: an unbreathable atmosphere devoid of oxygen, the temperature warmer from an abundance of greenhouse gases, dramatically different ocean chemistries, and overall looking more like a science fi ction landscape. Although all these characteristics would ultimately change on the geological timescale of billions of years, one constant that has stood throughout this unfathomable amount of time is the Sun. Fittingly, evidence for the occurrence of photosynthesis has been interpreted as signifying some of the earliest forms of life.
The Sun sustains the vast majority of life on Earth. We associate the oxygen in our atmosphere with primary producers performing oxygenic photosynthesis, but there was once a time when this life-changing metabolism had not yet evolved, and the world was devoid of oxygen. As one would expect, the predominant microbial metabolisms would have been signifi cantly different during this period of Earth's history.
Like all things in life, time takes a toll on rocks and fossils -especially when the timescales are over billions of years. Moreover, all Precambrian life was microbial, making identifi cation and interpretation of these fossils incredibly diffi cult. Because of these harsh facts, scientists must do a bit of creative detective work to try to determine what life may have looked like, given that all we have is indirect evidence from ancient sediments to make hypotheses about early microbial metabolisms. It is important to be aware that these guesses are limited to our understanding of the diversity of life in the present day. There are still many microbes and metabolisms that we have not yet discovered. Moreover, many bacterial lineages or metabolisms may have simply gone extinct without leaving any record, thus providing us no way to understand large evolutionary gaps and adding uncertainty to our understanding of Archean life.
A good place to begin looking when trying to understand ancient microbial life is the bedrock of all metabolisms: carbon fi xation. Autotrophic organisms sustain all ecosystems through the process of fi xing inorganic carbon (i.e., CO 2 ) into organic matter. Thus, understanding the many ways Archean life gathered energy and reducing power to drive carbon fi xation provides a key perspective to our fundamental understanding of early life and primordial ecosystems. Many unique scenarios have been proposed as models for how early life may have arisen, refl ecting the dramatic and extreme Archean landscape. One popular example is the discovery of life near seafl oor hydrothermal vents, which spew hydrogen sulfi de into the environment. Bacteria have evolved to exploit sulfi de oxidation to drive carbon fi xation, thus providing a model for R856 Current Biology 25, R845-R875, October 5, 2015 ©2015 Elsevier Ltd All rights reserved how an Archean ecosystem may have survived on the seafl oor.
Life may have originally started on the seafl oor, but it would ultimately spread into sunlight-exposed environmental niches. The eventual decrease in thermal activity may have allowed a natural transition between metabolisms dependent on hydrothermal vents to anoxygenic phototrophic metabolisms. The evolution of photosynthesis would have provided a key metabolic advantage over non-phototrophs limited to either the seafl oor or scavenging for resources as heterotrophs. It is then of no surprise that many bacterial lineages evolved this early metabolic innovation of exploiting light energy to drive their metabolisms. Thus, photosynthesis can be found across six bacterial phyla -fi ve of which contain anoxygenic phototrophs. Unlike oxygenic photosynthesis, anoxygenic photosynthesis does not use water as an electron donor, but rather can use a variety of substrates including sulfi de, iron, and hydrogen, attesting to the plasticity and diversity of phototrophy.
Some of the earliest evidence for Archean microbial ecosystems stems from putative stromatolites 3.5 to 3.2 billion years ago (Figure 1 ), which display similar structures to modern microbial mats. These laminated structures are composed of layers of different microbes, each layer representing a different metabolism that is dependent on the metabolites fl owing between each layer (Figure 2) . A key property of modern-day microbial mats and stromatolites is the fact that they are oriented and stratifi ed in relation to sunlight. Thus, there is reason to believe that ancient stromatolites may have functioned similarly to microbial mats today. However, it has been argued that stromatolite-like structures can be formed by geological processes, underscoring the uncertainty and diffi culty in proving the biological authenticity of observations in sediments over three billion years old.
Life arose during the Archean, when oxygen was not yet present in the atmosphere. Although we have diffi culties pinpointing the exact age of microbial metabolisms, there is reason to believe that hydrothermal vents and anoxygenic phototrophy may have been a key contributor to Archean global primary production. However, we don't know the exact degree to which anoxygenic photosynthesis could have contributed to global carbon fi xation. Eventually, however, oxygenic photosynthesis would evolve and eclipse its anoxygenic cousin, becoming the driver of the global carbon cycle as we know it today.
The rise of oxygen
Across the entirety of life, oxygenic photosynthesis, to our knowledge, evolved only once, providing the metabolic singularity that sustains our planet. Perhaps as enigmatic as our knowledge of Archean life is our understanding of how anoxygenic photosynthesis transformed into a signifi cantly more complex electron transport system requiring dual photosystems to oxidize water to O 2 through oxygenic photosynthesis. Although the evolution of oxygenic photosynthesis is convoluted, the geological record shows that it played a role in the dramatic atmospheric change with the accumulation of oxygen known as the Great Oxygenation Event. Somewhere between 2.4 and 2.2 billion years ago, oxygen levels grew to appreciable amounts (Figure 1) . The degree to which oxygen fi lled the atmosphere is still controversial; however, it is clear that by 2.2 billion years ago, oxygen was present. An impressive collection of geological proxies have been used to nail down this time period; nonetheless, we know embarrassingly little about how oxygenic photosynthesis could have evolved.
It cannot be overstated how many evolutionary steps and turns must have occurred to arrive at oxygenic photosynthesizing cyanobacteria from any of their anoxygenic phototrophic bacterial counterparts. In this remarkable transition, a number of multi-subunit complexes, enzymes, and metabolisms would each have to evolve, and yet with our exponentially growing knowledge of the diversity of extant microbial life, we have found almost no clues as to how this incredible process occurred at the molecular level. The crowning achievement during this development was the innovation of the oxygen-evolving complex which oxidizes water to oxygen, providing the electrons necessary to drive oxygenic photosynthesis. Next, a rewiring of the electron transport would necessitate the evolution of the cytochrome b 6 f complex and soluble electron carrier (i.e., plastocyanin) in order to connect two photosystems in parallel with one another. Downstream enzymes and metabolisms such as the Calvin-Benson cycle for carbon fi xation and aerobic respiration would also have to evolve, as there most likely was no aerobic respiration occurring in the Archean atmosphere devoid of oxygen. Each one of these inventions is a feat in its own, but only cyanobacteria would become the bacterial lineage to invent and commandeer all of them together for what would become the metabolism driving our global carbon cycles. A key question has been: how did the oxygen-evolving complex evolve? It has been proposed that the transition from anoxygenic Type II photosystems to the water-splitting photosystem found in cyanobacteria occurred through a transitional photosystem that oxidized manganese. The prized invention of the oxygen-evolving complex catalyzes the splitting of water using a manganese center, which may have evolved from this transitional manganese-oxidizing photosystem. This scenario is supported by 2.4 billion year old oxidized manganese-rich deposits and fi ts well with our timing of the subsequent rise of oxygen in our atmosphere.
For all the evolutionary excitement that must have occurred during the innovation of oxygenic photosynthesis, the next one billion years appear to be much less eventful. Even with the onset of the Great Oxygenation Event, the mid-Proterozoic oxygen levels were far from present atmospheric levels and stayed low until the Later Proterozoic. Even with cyanobacteria now in the mix, it is thought that anoxygenic phototrophy utilizing sulfi de as an electron donor contributed greatly to global primary production, thus keeping oxygen levels relatively low.
This dull time period was ended by a second rise of oxygen in the Neoproterozoic atmosphere between 1 to 0.64 billion years ago, providing the jump in oxygen levels to near present day levels (Figure 1 ). This has suspiciously coincided well with the predicted timing of the eukaryotic acquisition of plastids through the endosymbiosis of a cyanobacterium, suggesting that perhaps the rise of eukaryotic oxygenic phototrophs were instrumental in this fi nal atmospheric transition. This endosymbiosis event would become the fi rst of many that would greatly contribute to the diversity of the eukaryotic tree of life. Furthermore, this fi nal increase in oxygen levels is thought to have permitted the subsequent rise of animals, as there is a growing body of evidence suggesting that the low Proterozoic levels of oxygen could not sustain the necessary amount of oxygen needed for the proper radiation of animals.
Life has inserted itself into the once abiotic geochemical cycles through the evolution of a myriad of metabolisms. All these events happened hundreds of millions to billions of years ago; thus, our understanding of when and how these transitions occurred are diffi cult to pinpoint, yet fundamental to our understanding of the tree of life.
Challenges in studying early microbial life
There are seldom absolutes in studying history. This perhaps cannot be more emphasized in the history of life and the evolution of microbial metabolisms. Like many histories, our understanding is constantly changing and evolving; thus, it is important to be aware of the points of contention and uncertainty that surround specifi c events of interest. The sheer antiquity of these events ensures that there is no certainty in how any of these major transitions may have occurred. It is important to keep in mind that all our knowledge of early life consists of mere best guesses, with just as many confl icting lines of evidence.
Fundamental to our inability to completely study the history of the tree of life is the frustrating fact that a large part of our understanding of life is based on our observations of extant life in the present day. It has been estimated that 99% of all life that ever existed has gone extinct. Moreover, it has been conservatively estimated that only 10% of life has been detected. Thus, on top of the fact that we cannot easily study the extinct lineages that make up the majority of the tree of life, we may not even fully understand the diversity of all extant life because we can only glimpse a mere fraction of all life. Even with our growing understanding of microbial physiology, genetics, and metabolic biochemistry, we must acknowledge the realities of skews and biases in our ability to reconstruct the evolutionary history of microbial life, in the face of such large gaps of knowledge in the history of life (Figure 3) .
We know that life can drastically change and evolve. Much of our understanding of early microbial life is dependent on our knowledge of extant life, yet we have no idea to what degree extant life refl ects early life, nor how similar both might be. For example, how do we know basic molecular mechanisms of photosynthesis have not greatly changed over billions of years of time? Is our understanding of photosynthesis from present-day studies adequate R858 Current Biology 25, R845-R875, October 5, 2015 ©2015 Elsevier Ltd All rights reserved or relevant in explaining Archean metabolisms? An emerging predicament is the fact that much of our understanding is dependent on observations of extant organisms and thus stems from the concept of uniformitarianism, which suggests that natural processes operate the same, if not similarly, across all time.
First proposed to describe geological processes, this assumption may not always be ideal in describing biological processes. The problem is that we cannot test this assumption. Indeed, our interpretations of early life are undermined -and to some unknown extent misled -by our knowledge of living organisms.
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All life that ever existed Left, a cartoon phylogeny of all lineages that ever existed within a clade, where 99% of all life has been estimated to have gone extinct (black lines); thus, only 1% of successful extant lineages (red) have made it to the present day. Right, cartoon representation of how much life we are missing to fully understand the true diversity across the history of life. On top of the 99% of all life that is estimated to be extinct, it has been conservatively estimated that roughly 10% of all extant species have been detected, with an incredibly small number of genomes sequenced to begin to speculate what metabolisms are possible in those species. These numbers highlight our limited knowledge and remarkably sparse coverage across the tree of life. The extremely incomplete fossil record in conjunction with our lack of sampling of extant life makes it diffi cult to be certain about the nature of ancient lineages that existed billions of years ago.
The most direct way to probe ancient microbial metabolisms is to directly analyze ancient sediments where microbes once lived. Isotope fractionation studies have been extensively used to search for the presence of life or specifi c metabolisms, as certain enzymes involved in biogeochemical cycling will leave behind distinct isotopic ratios as metabolic clues. For example, the key carbon fi xation enzyme, ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO), preferentially uses carbon-12 CO 2 over carbon-13 CO 2 . This enzymatic preference has been used to interpret the microbial metabolisms occurring in ancient sediments to suggest the presence of RuBisCO-based carbon fi xation in ancient sediments. Analysis of isotope fractionation from graphite dating to 3.8 billion years ago provides some of the earliest evidence for autotrophic life. Although this provides some evidence for Archean life, the nature of the isotopic fractionations has yet to be further studied. What if ancient enzymes do not fractionate similarly to extant versions? Even within extant RuBisCO enzymes, a large distribution of fractionations can be observed from species to species. Future efforts in further elucidating the molecular mechanisms behind enzymatic fractionations may help us revisit some of the fundamental assumptions core to our understanding of ancient metabolisms.
The fossil record provides an indispensable window to life's history. However, unlike their macrofossil counterparts, microbial fossils are incredibly diffi cult to interpret and assign defi nitively to extant taxa because of the small number of identifi able character traits. Archean fi lamentous microfossils, dating before the Great Oxygenation Event, have been used as evidence for the presence of cyanobacteria, but the interpretation that these fossils are of biological origin are controversial as they have been suggested to instead be geological artifacts. Furthermore, if of a biological origin, how do we know these fossils are of cyanobacteria? There are many other bacteria that display fi lamentous morphologies similar to these Archean microfossils. Likewise, would cyanobacteria 3.5 billion years ago look like Current Biology 25, R845-R875, October 5, 2015 ©2015 Elsevier Ltd All rights reserved R859 cyanobacteria today? Certainly, it would be diffi cult to assume that cyanobacteria have not changed morphologically in over 3 billion years. Although there are many lines of evidence suggesting that life arose during the Archean, it is important to highlight the uncertainty surrounding Archean microfossils as evidence of early life.
Other lines of evidence have stemmed from molecular fossils -the presence and identifi cation of complex organic biological molecules (i.e., biomarkers) in sediments, used to date the existence of certain organisms. Biomarkers make the assumption that molecules could only have been produced by certain lineages. Ideally, biomarkers would provide the chemical fi ngerprints necessary to identify the microbes living in ancient sediments. This assumption has been challenged with the gradual acceptance of the fact that lateral gene transfer is nearly ubiquitous across all bacteria. Correspondingly, some of the most important cyanobacterial biomarkers (i.e., 2-methylhopanes) have been shown to be present in other bacterial phyla. This example highlights how our incomplete understanding of extant life can easily alter our interpretations of ancient life.
It is impossible to get away from uncertainty when examining the evidence for early life. This is just the nature of the subject matter. With this in mind, it becomes even more important to understand the challenges and nuances in interpreting the evidence used in generating further hypotheses on early life.
Conclusion
Phototrophy has sustained life on Earth, possibly since the dawn of life. Archean ecosystems were most likely sustained by anoxygenic phototrophic organisms which may have grown in stromatolites much like modern day microbial mats. With the innovation of the oxygen-evolving complex, oxygenic photosynthesis provided the biological catalyst to accumulate oxygen in the atmosphere. These metabolic inventions provided profound shifts in how once purely abiotic geochemical cycles would integrate the evolution of life to ultimately transform into the global biogeochemical cycles we observe today.
Across these geological timescales, it is important to be frank about the many large gaps we have in our understanding of the evolutionary succession of life. Truly, it is remarkable how much we have already been able to piece together through varying fi elds spanning biology, paleontology, and geosciences. The diffi culty in studying these ancient questions should not deter us from studying them, but rather inspire us to continually fi nd alternative ways of studying them in order to test prior assumptions about the robustness of previous hypotheses. If anything, advances in our understanding of early life will be interesting in light of newly developed techniques and the growing abundance of sequence data to begin testing assumptions we have had with us for decades.
